The UNC-4 homeoprotein and the Groucho-like corepressor UNC-37 specify synaptic choice in the Caenorhabditis elegans motor neuron circuit. In unc-4 mutants, VA motor neurons are miswired with inputs from interneurons normally reserved for their lineal sisters, the VB motor neurons. Here we show that UNC-4 and UNC-37 function together in VA motor neurons to repress VB-specific genes and that this activity depends on physical contact between UNC-37 and a conserved Engrailed-like repressor domain (eh1) in UNC-4. Missense mutations in the UNC-4 eh1 domain disrupt interactions between UNC-4 and UNC-37 and result in the loss of UNC-4-dependent repressor activity in vivo. A compensatory amino acid substitution in UNC-37 suppresses specific unc-4 alleles by restoring physical interactions with UNC-4 as well as UNC-4-dependent repression of VB-specific genes. We propose that repression of VB-specific genes by UNC-4 and UNC-37 is necessary for the creation of wild-type inputs to VA motor neurons. The existence of mammalian homologs of UNC-4 and UNC-37 indicates that a similar mechanism could regulate synaptic choice in the vertebrate spinal cord.
Animal movement is controlled by axial arrays of motor neurons that transmit signals from the brain to muscles. The function of these circuits is defined by the creation of precise sets of connections between motor neurons and their synaptic partners. These include interneurons that extend processes from the brain into the nerve cord to synapse with particular motor neurons (Brodal 1998) and specific muscles that are targeted by motor axons emanating from the nerve cord (Landmesser 1978) . The synaptic choices that lead to the creation of these stereotypical networks are likely to depend on cell surface markers or secreted signals that facilitate target recognition. Although the molecular identities of these factors are largely unknown, it is reasonable to propose that the cell specificity of their expression is defined by coordinated actions of transcription factors. In Drosophila, Caenorhabditis elegans, and vertebrate organisms, motor neurons that synapse with particular muscles express unique combinations of LIM-type homeodomain proteins (Ericson et al. 1992; Tsuchida et al. 1994; Appel et al. 1995; Hobert et al. 1998) . Furthermore, subsets of these motor neurons can be redirected to alternative muscle targets by altering the pattern of LIM-HD gene expression (Sharma et al. 1998; Thor et al. 1999) . The specificity of synaptic inputs to motor neurons is also correlated with expression of particular transcription factors. Sensory neurons in the dorsal root ganglion and their postsynaptic motor neuron partners in the ventral horn express common sets of ETS-type transcription factors (Ghosh and Kolodkin 1998; Lin et al. 1998) . Direct evidence for transcriptional regulation of presynaptic input to motor neurons is provided by genetic experiments in C. elegans, demonstrating that the UNC-4 homeoprotein controls the pattern of interneuron synapses with motor neurons (White et al. 1992; Miller et al. 1992; Miller and Niemeyer 1995) .
In C. elegans, adjacent pairs of VA and VB motor neurons arise from common precursor cells at periodic intervals along the length of the ventral nerve cord (Sulston and Horvitz 1977) (Fig. 1) . Both VA and VB motor neurons are excitatory and cholinergic (Rand and Nonet, 1997) but adopt different axonal trajectories and receive inputs from separate sets of command interneurons (White et al. 1986 ). The cell bodies of these interneurons reside in the head or tail and extend processes into the nerve cord to synapse with appropriate classes of motor neurons. Laser ablation experiments have demonstrated that the VA motor neuron circuit is required for backward movement whereas the VBs and their specific presynaptic partners regulate forward locomotion (Chalfie et al. 1985) . Mutations in the unc-4 gene differentially affect backward movement and have been shown to specifically perturb the pattern of interneuron inputs to VA motor neurons (Fig. 1) . Electron microscopy of the presumptive null allele, unc-4(e120), has revealed that VAs adopt input from interneurons that are normally reserved for their VB sister cells. VA axonal trajectory and morphology are not altered, however. Thus, unc-4 regulates the specificity of synaptic input to the VAs but not other traits that distinguish VAs from their VB sister cells (White et al. 1992) .
The UNC-4 homeoprotein is expressed in VA motor neurons but is not detected in the VBs (Miller et al. 1992; Miller and Niemeyer 1995) . We have therefore hypothesized that UNC-4 functions in the VAs to block expression of target genes that lead to VB-type synaptic inputs. The proposal that UNC-4 mediates transcriptional repression is supported by our recent finding that unc-4 function in VA motor neurons depends on the simultaneous expression of a Groucho-like protein encoded by the unc-37 gene (Pflugrad et al. 1997) .
A screen for suppressors of an unc-4 homeodomain missense allele revealed a rare, dominant mutation, unc-37(d), which restores normal movement (Miller et al. 1993) . Conversely, the loss-of-function mutant, unc-37(e262), displays an Unc-4-like VA neuron wiring defect (D. Hall and E. German, pers. comm.) and is also defective in backward locomotion (Miller et al. 1993 ). Both of these unc-37 alleles alter specific amino acids within a WD40 repeat region and are therefore predicted to affect protein-protein interactions (Pflugrad et al. 1997) .
Drosophila Groucho is the founding member of a highly conserved family of transcriptional corepressor proteins (Fisher and Caudy 1998) . Groucho proteins are defined by an amino-terminal dimerization domain and a carboxy-terminal region of WD40 repeats. The transcriptional repressor activity of Groucho depends on physical association with DNA-specific binding proteins. Groucho-interacting transcription factors are surprisingly diverse and include TCF/LEF-1 as well as proteins containing bHLH, Rel, Runt and homeobox domains (Paroush et al. 1994; Aronson et al. 1997; Dubnicoff et al. 1997; Jimenez et al. 1997; Cavallo et al. 1998; Roose et al. 1998 ). The Engrailed homeoprotein, for example, interacts physically with Groucho to repress target genes in Drosophila. A conserved repressor domain, known as eh1, is required for Engrailed-mediated repression and for binding to Groucho (Smith and Jaynes 1996; Tolkunova et al. 1998; Jimenez et al. 1999) .
In this paper we report the identification of an eh1-like repressor domain in nematode UNC-4 proteins and in UNC-4-like homologs from other species. Missense mutations in the UNC-4 eh1 domain disable UNC-4-dependent repression of VB-specific genes and perturb physical interactions with UNC-37. Conversely, the unc-37(d) suppressor allele simultaneously restores repressor activity and UNC-37 binding to these UNC-4 mutant proteins. We also show that the hypomorphic WD40 missense mutation unc-37(e262) results in derepression of VB-specific genes in VA motor neurons. These findings support a model in which UNC-4 and UNC-37 function together in the VA motor neurons to block expression of genes that lead to the creation of VB-type synaptic inputs. Furthermore, the evident conservation of both UNC-4 (Rovescalli et al. 1996; Saito et al. 1996; Mansouri et al. 1997; Tabuchi et al. 1998) and UNC-37 (Stifani et al. 1992; Dehni et al. 1995) indicates that a similar molecular mechanism may define synaptic inputs to motor neurons in the vertebrate spinal cord.
Results

The C. elegans motor neuron circuit
The motor neuron circuit is generated during two dis- Figure 1 . unc-4 specifies synaptic input to VA motor neurons. (A) Adjacent VA and VB motor neurons are visualized in this transgenic animal with neuron-specific promoters driving expression of the cyan GFP variant in VA motor neurons and the yellow GFP mutant protein in VB motor neurons (del-1::YFP) (Miller et al. 1999) . (B) Most VA and VB motor neurons arise from a common precursor cell (black circle). In wild-type animals, VA neurons, which extend axons anteriorly, receive inputs from VA-type command interneurons (blue): AVA (chemical synapse and gap junction); AVD and AVE (chemical synapse). VB axons project posteriorly and are innervated by the VB-type interneurons (green): AVB (gap junction); PVC (chemical synapse). (C) In unc-4 mutants, VA neurons are miswired with VB-type inputs (i.e., form gap junctions with AVB). The arrows denote en passant synapses between side-byside processes in the tightly packed ventral nerve cord and therefore are not indicative of axonal branches. tinct developmental periods (White et al. 1986 ). The basic architecture of the ventral nerve cord is established in the embryo when interneurons located in the head and tail send out axons along the ventral midline to synapse with nascent motor neurons. Three classes of motor neurons are generated in the embryo: DA, DB, and DD. Combinations of chemical synapses and gap junctions are created en passant between interneuron and motor neuron processes in the tightly packed ventral cord fascicle (Durbin 1987) . After hatching and in the first larval stage (L1), five new classes of motor neurons (VA, VB, VC, AS, VD) arise by stereotypical divisions of an axial array of ectodermal blast cells (P cells) (Sulston and Horvitz 1977) . unc-4 is selectively expressed in the A-class motor neurons, DA and VA, so named because they show similar axonal polarities (anterior), receive inputs from a common set of interneurons, and are both required for backward movement (Chalfie et al. 1985; White et al. 1986; Miller et al. 1992; Miller and Niemeyer 1995) . DB and VB motor neurons comprise the B-class, which project posteriorly directed axons and synapse with a separate set of command interneurons that drive forward locomotion (White et al. 1986 ).
The majority of VA motor neurons (9 of 12) arise as lineal sisters of VB motor neurons (Sulston and Horvitz 1977) and are selectively miswired with B-type motor neuron inputs in unc-4 mutants (White et al. 1992) . Synaptic inputs to the embryonically derived DA motor neurons and to VAs that do not arise from a cell division that produces a VB sister (3 of 12) are not altered, however.
A carboxy-terminal eh1-like repressor domain is conserved in UNC-4-related proteins.
We isolated an unc-4 gene from a related nematode species by screening a Caenorhabditis briggsae fosmid grid with an unc-4 cDNA probe. The Genome Sequencing Consortium at Washington University (St. Louis, MO) then determined the complete sequence of the C. briggsae unc-4 gene. C. briggsae and C. elegans unc-4 are highly conserved in the homeodomain (100%) and in a carboxy-terminal region (97%) spanning 60 residues (Fig.  2) . Close inspection of the conserved carboxy-terminal sequence revealed a region of high similarity to the eh1 repressor domain in the Engrailed homeoprotein (Smith and Jaynes 1996) . This 23-residue sequence is required for Engrailed-mediated repression of target genes (Smith and Jaynes 1996; Tolkunova et al. 1998; Jimenez et al. 1999) . Variants of the eh1 domain have been identified in several additional classes of homeodomain-containing proteins. All of these eh1 domains contain a conserved phenylalanine residue (position 4) that is required for Engrailed eh1 repressor function (Smith and Jaynes 1996) .
Vertebrate proteins from mouse (uncx-4.1), rat (PHD1), and zebrafish (Zunc-4) with homeodomains most similar (90%) to UNC-4 have eh1-like repressor domain sequence in their carboxy-terminal regions ( Fig. 2 ; Rovescalli et al. 1996; Saito et al. 1996; Mansouri et al. 1997; Sordino and N. Holder, pers. comm.). The recently identified Drosophila UNC-4-like protein contains a truncated but still recognizable eh1 domain at its carboxyterminal end ( Fig. 2 ; Tabuchi et al. 1998 ). All of these UNC-4-like proteins exhibit the conserved phenylalanine at position 4. These findings are consistent with the proposal that UNC-4 functions as a transcriptional repressor protein in C. elegans and support the idea that other UNC-4 family members may also function as negative regulators of gene expression in more complex nervous systems.
Amino acid substitutions in the UNC-4 homeodomain and in the UNC-4 eh1 repressor domain perturb unc-4 function
The temperature-sensitive mutation unc-4(e2322ts) changes a conserved leucine to a phenylalanine (L121F) in helix 2 of the UNC-4 homeodomain ( Fig. 3A ; Table 1 ) (Miller et al. 1992) . In an effort to identify other functionally important UNC-4 residues, we sequenced 12 additional unc-4 alleles. These mutations include premature stop codons (wd44, e2308), splice junction defects (e120, jd16), deletions (e887, e2320, wd1), and amino acid substitutions (e26, e2307, e2323, e521, e2321) ( Fig.  3 ; Table 1 ).
Five amino acid substitutions in UNC-4 (e26, e2307, e2323, e521, e2321) alter residues in the vicinity of the UNC-4 eh1 domain ( Fig. 3A ; Table 1 ). It is noteworthy that these five independently derived mutations affect only three residues. Two of these amino acids, G188 and R190, are conserved in the Engrailed subclass of eh1 repressor domains ( Fig. 2C ; Smith and Jaynes 1996). Sitedirected mutagenesis of the conserved UNC-4 eh1 phenylalanine (F174) to glutamic acid also results in a loss of unc-4 function (data not shown). Furthermore, the two unc-4 splice junction mutants jd16 and e120 are predicted to disrupt translation of the UNC-4 eh1 domain and/or sequences immediately adjacent to this repressor domain (Fig. 3B) . Thus, the elimination of unc-4 activity is correlated with mutations that either truncate or alter sequence within the eh1-containing region of the UNC-4 protein.
A dominant mutation in UNC-37 (Groucho) suppresses specific missense mutations in the UNC-4 homeodomain and UNC-4 eh1 repressor domain
The C. elegans Groucho-related protein UNC-37 is required for UNC-4 function in VA motor neurons (Pflugrad et al. 1997) . Four unc-37(d) alleles were originally isolated in a screen for dominant suppressors of the L121F homeodomain mutation in the unc-4(e2322ts) mutant (Miller et al. 1993) . Sequence analysis revealed that all four of these unc-37(d) mutations correspond to an E580K missense mutation in the sixth WD40 repeat of UNC-37 (Pflugrad et al. 1997 ). The UNC-37(E580K) mutation also suppresses specific unc-4 missense mutations in the eh1 region (Table 1) ; wild-type movement is restored to mutants bearing the amino acid substitutions R190Q or R197K. Interestingly, the two GLY188 point mutations in the UNC-4 eh1 domain, G188D and G188S, are not suppressed by UNC-37(E580K). The movement defect of animals expressing an UNC-4 eh1 F174E mutant transgene is also not suppressed by UNC-37(E580K) ( Table 1 ; data not shown). In addition, UNC-37(E580K) does not suppress mutants with unc-4 deletions (e887, e2320, wd1) or truncations (e120, wd44, e2308, e583) ( Table 1 ). The allele specificity of UNC-37(E580K)-dependent suppression is consistent with the idea that UNC-4 function depends on interactions between UNC-37 and the UNC-4 homeodomain and eh1 repressor domain.
UNC-4 and UNC-37 repress B-type neuronal genes in the A-type motor neurons
The loss-of-function alleles unc-4(e120) and unc-37(e262) exhibit similar backward movement defects (Miller et al. 1993) , and VA motor neurons are miswired with VB-type inputs in both mutants (White et al. 1992 ) (D. Hall and E. German, pers. comm.). A simple hypoth- 
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Repression by UNC-4/UNC-37 directs synaptic input esis explains this effect: UNC-4 and UNC-37 normally repress VB-specific genes; in unc-4 and unc-37 mutants, these VB genes are inappropriately activated in the VA motor neurons, thereby leading to VB-type synaptic inputs (Pflugrad et al. 1997) . The identification of an eh1-like repressor domain in UNC-4 and its genetic and physical interactions (see below) with the transcriptional corepressor protein UNC-37 are consistent with this model. In this scenario, an authentic unc-4 target gene should be expressed in VB motor neurons in wild-type animals but not in VA motor neurons. Furthermore, in either unc-4 or unc-37 mutants, these unc-4 target genes should be ectopically expressed in VA motor neurons. Using these criteria, we evaluated existing green fluorescent protein (gfp) reporters to identify two VB-specific genes, del-1 and acr-5, that are negatively regulated by UNC-4 and UNC-37 in VA motor neurons.
The DEL-1 protein is most closely related to the degenerin class of sodium channel subunits (Tavernarakis et al. 1997) . Degenerins are membrane proteins that are hypothesized to form mechanically gated ion channels (Driscoll and Chalfie 1991) . Using a gfp reporter gene under the control of 1.8 kb of del-1 upstream sequence, we determined that del-1 is expressed in the VB motor neurons beginning in the L2 larval stage ( Fig. 4A-C ; Table 2 ). By the end of L2, del-1::GFP is also visible in a few VA motor neurons at the anterior end of the nerve cord. Expression of del-1::GFP in the VAs progresses in a wave from anterior to posterior, with all VAs expressing del-1::GFP by the adult stage. Thus, del-1::GFP is not expressed in the VAs during the L2 period in which unc-4 functions in these cells to establish synaptic inputs (Miller et al. 1992) but is expressed in the VAs after they have been wired into the ventral cord circuit ( Fig.  4A-C ; Table 2 ). del-1::GFP is also expressed in five neurons (VB1, VB2, SABVR, SABVL, VA1) in the retrovesicular ganglion at the anterior end of the ventral nerve cord (data not shown).
During the mid-L2 larval stage, del-1::GFP expression in the ventral nerve cord is largely restricted to the VB class of motor neurons ( Fig. 4A-C ; Table 2 ). In the unc-4 null alleles wd1 and e120, del-1::GFP is also expressed ectopically in the VA motor neurons in mid-L2 larvae (Table 2 ; Fig. 4E ). An identical pattern of premature del-1::GFP expression in the VAs was observed in the hypomorphic unc-37(e262) mutant ( Fig. 4D ; Table 2 ). Thus, in both unc-4 and unc-37 mutants, del-1::GFP expression is seen in most VA and VB motor neurons in L2 larvae, whereas in wild-type animals, del-1::GFP expression is limited to VB motor neurons during this period.
acr-5 encodes an ␣-like subunit of a nicotinic acetylcholine receptor. An acr-5::gfp reporter gene containing a 4.2-kb acr-5 promoter fragment is expressed exclusively in the nervous system (Fig. 4G) . Expression is initiated in the embryo and persists throughout adult life. In the ventral nerve cord of L1 larvae, acr-5::GFP expression is restricted to the embryonically derived DB motor neurons. VB motor neurons, which arise during the late L1 stage, begin to express acr-5::GFP in L2 larvae ( Fig. 4G-I ; Table   2 ). acr-5::GFP is also expressed in other unidentified neurons in the head and tail. We reasoned that the differential expression of acr-5::GFP in B-type neurons (DB, VB), but not in A-type motor neurons (DA, VA), could result from negative regulation by UNC-4 and UNC-37. This prediction was confirmed by examining the acr-5::gfp reporter gene in unc-4 and unc-37 mutant backgrounds. , and unc-37(e262) mutants, acr-5::GFP is expressed in the A-type motor neurons (DA, VA), as well as in the B-type motor neurons (DB, VB) ( Table 2 ; Fig. 4J,K) . We conclude that both UNC-4 and UNC-37 are required to prevent expression of del-1::GFP and acr-5::GFP in A-type motor neurons. The simplest explanation for this effect is that UNC-4 and UNC-37 act directly on the promoter regions of these genes. Alternatively, the UNC-4/UNC-37 complex may repress an activator of del-1 and acr-5. Additional experiments will be required to distinguish between these possibilities.
The eh1 domain is required for UNC-4 repressor activity
In the experiments above, del-1::GFP and acr-5::GFP are expressed ectopically in the A-type motor neurons of unc-4 null mutants. Missense mutations in the UNC-4 eh1-like repressor domain and in the UNC-4 homeodomain also disrupt UNC-4 regulation of del-1 and acr-5. The unc-4 homeodomain mutation L121F results in derepression of del-1::gfp and acr-5::gfp in the A-type motor neurons (Table 2 ). In addition, missense mutations within the eh1 domain (G188D, G188S, R190Q) or in a region adjacent to the UNC-4 ehl repressor domain (R197K) disrupt repression of these B-type motor neuronspecific genes (Table 2 ; Fig. 4F,L) . These data support the hypothesis that the UNC-4 carboxy-terminal missense mutations perturb a repressor domain and that UNC-4 normally functions in A-type motor neurons to prevent the expression of genes that are specific to B-type motor neurons. The UNC-37-dependence of UNC-4-mediated repression in C. elegans parallels the finding that Groucho is required for Engrailed repressor activity in Drosophila (Jimenez et al. 1997; Tolkunova et al. 1998 ).
The UNC-37(E580K) suppressor mutation restores UNC-4 repression of B-type motor neuron genes
Dominant mutations in unc-37 result in an E580K substitution that can suppress specific unc-4 missense mutations in the UNC-4 homeodomain and eh1 repressor domain (Table 1) . Suppressed animals exhibit wild-type backward movement, suggesting that wild-type synaptic inputs have been restored to the VA neurons (Miller et al. 1993) . If this effect is due to the restoration of UNC-4 repressor activity, then UNC-37(E580K)-mediated suppression should result in a concomitant extinction of ectopic acr-5::gfp and del-1::gfp expression in VA motor neurons. In UNC-37(E580K); UNC-4(R197K) animals, del-1::gfp is repressed in 50% of the VA neurons, as op-posed to 5% of the VA neurons in UNC-37+; UNC-4(R197K) (Table 2; Fig. 5B ). acr-5::gfp repression is also observed in a higher percentage (65%) of VA motor neurons in UNC-37(E580K); UNC-4(R197K) in comparison to VA neurons of UNC-37+; UNC-4(R197K) (19%) ( Table  2 ; Fig. 5D ). Thus, suppression of the Unc-4 movement phenotype is correlated with repression of B-type neuron-specific transgenes in the VA motor neurons. We note, however, that UNC-37(E580K) does not restore acr-5::gfp repression in the DA motor neurons of UNC-4(R197K) animals (Table 2; Fig. 5D ). These data may indicate that the regulation of acr-5::gfp by UNC-4 differs between the DA and VA motor neurons. It is also consistent with the conclusion that the Unc-4 backward movement defect is not a consequence of unc-4 dysfunction in the adult DA motor neurons (White et al. 1992).
acr-5::GFP and del-1::GFP expression in two nonsuppressible mutants, UNC-4(G188D) or unc-4(e120), is not significantly altered by UNC-37(E580K) ( Table 2 ; Fig. 5A,C) . As a control, we showed that the UNC-37(E580K) mutation also has no effect on acr-5::GFP and del-1::GFP expression in B-type neurons of unc-4(+) animals (Table 2) . Thus, we conclude that the UNC-37(E580K) mutation effectively restores UNC-4 function to specific unc-4 missense mutations and that this unc-4 activity represses VB-specific genes.
The UNC-4 eh1 domain is required for physical interactions with UNC-37
The genetic interactions between the UNC-4 eh1 domain and UNC-37 suggest specific physical contacts be- 
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tween UNC-4 and UNC-37 residues. Full-length UNC-4 and UNC-37 proteins do not interact in yeast two-hybrid assays or in in vitro experiments with recombinant proteins ( Fig. 6A-C ; Pflugrad et al. 1997 ). However, the UNC-4 carboxyl terminus, including the eh1 domain, strongly interacts with full-length UNC-37 in the yeast two-hybrid assay (Fig. 6A-C) . Deletions that remove the UNC-4 eh1 domain dramatically reduce this interaction (compare UNC-4C with the truncated fragments 176-252 and 187-252). In addition, missense mutations in the UNC-4 eh1 region (Fig. 2C) , including a glutamate substitution for the invariant eh1 phenylalanine, significantly weaken interactions with UNC-37 (Fig. 6B,C) . From these results, we conclude that UNC-4/UNC-37 interactions require an intact eh1 domain.
UNC-4/UNC-37 interactions may also depend on UNC-4 carboxy-terminal sequences flanking the eh1 domain (Fig. 6A,C) . Of particular note is the observation that UNC-37 interactions are perturbed by a deletion of the carboxy-terminal region (corresponding to truncated fragment 152-200) that is also eliminated by the unc-4(e120) mutation. This result is consistent with our in vivo data showing that the unc-4(e120) mutation disrupts unc-4 repressor activity, although the predicted e120 mutant protein contains an intact eh1 domain (Figs. 3B and 4E,K; Table 2 ).
As described previously, the UNC-37(E580K) mutation suppresses the Unc phenotype of specific unc-4 missense mutations (Table 1) . One model to account for this suppression is that UNC-37(E580K) restores disrupted physical contacts between UNC-4 and UNC-37. Our yeast two-hybrid experiments confirm this prediction. UNC-37(E580K) restores interaction with the suppressible UNC-4 mutant proteins R190Q and R197K (Fig. 6B,  C) . Curiously, the UNC-37(E580K) mutation also restores interaction with UNC-4(G188S), although this unc-4 allele is not suppressible in vivo (Table 1) . We attribute this discrepancy to differences in the sensitiv- 
Discussion
UNC-4 and UNC-37 function together to mediate transcriptional repression
unc-4 mutants are unable to execute backward locomotion because the usual inputs to VA motor neurons are replaced with connections from interneurons normally reserved for their VB sister cells (White et al. 1992 ). Thus, unc-4 specifies the wild-type pattern of synaptic choice by preventing VA motor neurons from adopting VB-type presynaptic inputs (see Fig. 1 ). We have shown previously that unc-4 encodes a homeodomain protein (Miller et al. 1992 ) that is expressed in the VA motor neurons (Miller and Niemeyer 1995) and that UNC-4 activity in these cells depends on the Groucho-like UNC-37 protein (Miller et al. 1993; Pflugrad et al. 1997) . Because Groucho is known to function as a transcriptional corepressor protein in Drosophila (Fisher and Caudy 1998) , we have proposed that UNC-4 and UNC-37 act together as negative regulators of genes that lead to the creation of VB-type synaptic inputs (Pflugrad et al. 1997 ). Here we provide evidence that UNC-4 function depends on physical interaction with UNC-37 and that the resultant repressor complex prevents expression of VB-specific genes in VA motor neurons (Fig. 7A) . We have identified two VB-specific genes, acr-5 and del-1, that are repressed by UNC-4 and UNC-37 in the VA motor neurons. In unc-4 mutants, ectopic expression of these genes in the VAs is associated with a backward movement defect, as well as with the miswiring of the VA neurons with VB-type inputs (Fig. 7B) . UNC-4-mediated repression requires the function of a conserved Engrailed-like repressor domain, eh1, in the UNC-4 carboxyl terminus. An E580K substitution in the sixth WD40 repeat of UNC-37 restores VB-specific gene repressor activity to UNC-4 proteins with eh1 missense mutations. This dominant unc-37 allele concomitantly suppresses the backward movement defect that these unc-4 eh1 point mutants display. Furthermore, these genetic interactions are consistent with yeast two-hybrid assays which suggest that UNC-4 eh1 mutations and the UNC-37(E580K) substitution alter physical interactions between these two proteins. Our findings provide a molecular model that can explain the phenotypic similarity between unc-4 and unc-37 loss-of-function alleles. UNC-4 eh1 mutant proteins may fail to repress VB-type genes because the corepressor UNC-37 cannot be recruited to the transcription complex. Analogously, mutations in UNC-37 could prevent interactions with UNC-4 and/or perturb UNC-37 repressor activity. Thus, we propose that UNC-4/UNC-37-dependent repression of VB-specific genes in the VA neurons is necessary for the differentiation of these two sister cells during synaptic partner selection.
UNC-4 physically interacts with UNC-37 (Groucho)
The observation that the eh1 domain of UNC-4 mediates Repression by UNC-4/UNC-37 directs synaptic input interactions with UNC-37 parallels the conclusions of earlier studies showing that the Drosophila Engrailed eh1 domain is necessary for interactions with Groucho (Jimenez et al. 1997; Tolkunova et al. 1998 ). However, our findings also differ in one important aspect. We have shown that the UNC-4 eh1 domain is not adequate for UNC-37-dependent binding or for mediating UNC-37-dependent repression. Mutant UNC-4 proteins in which the eh1 domain is intact, but are missing the flanking carboxy-terminal amino acid sequences, fail to interact with UNC-37 in the yeast two-hybrid assay and do not exhibit in vivo repressor function. In contrast, insertion of a 7 amino-acid-long eh1 core sequence within the carboxy-terminal domain of Hairy is sufficient to confer Groucho-dependent repression (Jimenez et al. 1999) . At least two hypotheses may explain these differences. The UNC-4 sequence flanking the eh1 domain may have a repressor function, or alternatively, these residues may be critical for UNC-4 protein stability or conformation.
UNC-4 repressor function is effectively eliminated by a single amino acid substitution (H539Y) of UNC-37 in the hypomorphic allele e262 (Pflugrad et al. 1997 ). This mutation, in the fifth WD repeat of UNC-37, is predicted to disrupt a hydrogen-bonding network that stabilizes the propeller-like modular structure that individual WD domains have been shown to adopt (Wall et al. 1995; Sondek et al. 1996) . The limited disruption of other unc-37-dependent functions by the e262 allele indicates that the principal effect of this mutation is to perturb unc-4 function. This conclusion is consistent with the observation that the strong backward movement defect that e262 mutants display can be rescued by unc-4 promoterdriven expression of UNC-37 in VA motor neurons (Pflugrad et al. 1997) . A simple explanation for these effects is that the e262 mutation perturbs physical interactions of UNC-37 with UNC-4 but not with other classes of transcription factors. However, this prediction has not been substantiated by yeast two-hybrid assays, which detect robust binding of UNC-4 to the UNC-37(H539Y) mutant protein (J.Y.-J. Meir and D.M. Miller, unpubl.) . Alternatively, the e262 mutation could disrupt an UNC-37-dependent transcriptional repressor mechanism that is uniquely employed by UNC-4. Given that this critical histidine residue is conserved in all known Groucho family members (Pflugrad et al. 1997 ), it will be important to distinguish between these possibilities.
A different UNC-37 point mutation, E580K, restores in vivo repressor function to specific UNC-4 missense mutations, as well as physical interaction with UNC-4. This invariant Groucho residue is predicted to reside on the surface of the sixth WD propeller domain and is therefore potentially involved in protein-protein interactions (Wall et al. 1995; Sondek et al. 1996) . However, UNC-37 proteins bearing the E580K mutation do not display a mutant phenotype on their own, which indicates that interaction with the wild-type UNC-4 protein is not perturbed by this mutation (Miller et al. 1993; Pflugrad et al. 1997) .
UNC-4 amino-terminal sequences regulate UNC-4/UNC-37 interactions
Full-length UNC-4 and UNC-37 proteins do not interact in yeast two-hybrid assays or in vitro ( Fig. 7A ; data not shown). However, we have shown here that an UNC-4 carboxy-terminal fragment, lacking homeodomain and amino-terminal residues, does associate with UNC-37. These data suggest that UNC-4 has adopted an aminoterminal-dependent intramolecular mechanism to regulate its interactions with UNC-37. The Drosophila Runt DNA-binding protein appears to use a similar mechanism to regulate its associations with the Groucho corepressor (Aronson et al. 1997) . Runt exhibits both Groucho-dependent as well as Groucho-independent repressor activities. Furthermore, Runt proteins appear to function as activators in some cellular contexts, requiring strict regulation of associations with widely expressed Groucho family members. The Rel protein Dorsal, which has been shown to interact with Groucho, also exhibits activator as well as repressor functions (Dubnicoff et al. 1997) . Thus, specific DNA-binding proteins may regulate their interactions with Groucho-like corepressor proteins to perform activator versus repressor functions. The proposed UNC-4 amino-terminal inhibition of UNC-37 interaction may indicate that UNC-4 is capable of UNC-37-independent gene regulation. Consistent with this idea, we have observed that UNC-4, but not UNC-37, is required for expression of del-1::GFP in specific neurons of the retrovesicular ganglion (data not shown). 
UNC-4/UNC-37-dependent gene repression may be conserved
The predicted DNA-binding motif of UNC-4, the homeodomain, is 100%conserved in a nematode species (C. briggsae) that diverged from C. elegans 50 million years ago (Butler et al. 1981 ) and 85%-90%conserved in UNC-4-related proteins from Drosophila, zebrafish, mouse, and rat (Rovescalli et al. 1996; Saito et al. 1996; Mansouri et al. 1997; Tabuchi et al. 1998; P. Sordino and N. Holder, pers. comm.) . In addition, a carboxy-terminal region that is similar to the eh1 repressor domain of Drosophila Engrailed (Smith and Jaynes 1996) is present in all of these UNC-4-like proteins. The evolutionary conservation of both of these domains within the family of UNC-4-related proteins suggests that UNC-4-dependent repressor activity may also be conserved.
The expression patterns of Drosophila and vertebrate unc-4-related genes are consistent with these proteins having nervous system functions (Saito et al. 1996; Mansouri et al. 1997; P. Sordino and N. Holder, pers. comm.) . The Drosophila UNC-4-like protein DPHD-1 is selectively expressed in specific postmitotic neurons (Tabuchi et al. 1998) . Similarly, the murine unc-x-4.1 transcript is expressed along the length of the neural tube in bilaterally positioned groups of cells immediately adjacent to the floor plate (C.-M. Fan, pers. comm.). The expression domains of unc-4-related genes in Drosophila and vertebrate species are not restricted to the nervous system, however. Murine unc-4, for example, is highly expressed in the kidney (Mansouri et al. 1997 ). This finding indicates that UNC-4 proteins may have adopted additional functions during evolution.
The Groucho-like UNC-37 corepressor has also been conserved. We have shown that the WD repeat regions of a human Groucho protein and UNC-37 are functionally interchangeable in C. elegans (Pflugrad et al. 1997 ). Thus, UNC-4/Groucho-dependent gene repression could represent a common mechanism for regulating synaptic target selection during neuronal development.
UNC-4 represses VB-specific genes that encode ion channel components and cell surface proteins
According to our model, UNC-4 and UNC-37 specify VA-type inputs by repressing target genes that normally mediate recognition events between VB motor neurons and appropriate interneuron partners. del-1 and acr-5 encode predicted cell surface proteins and are therefore candidates for molecules that interact with command interneurons to specify VB-type synaptic inputs. Furthermore, gfp are expressed during the time in which VA and VB motor neurons receive synaptic inputs, indicating that the endogenous del-1 and acr-5 genes could also be regulated by UNC-4 and UNC-37 to specify synaptic choice in this motor neuron circuit.
acr-5 encodes a nicotinic acetycholine receptor subunit most similar to mammalian neuronal ␣-type acetylcholine receptors (nAChR) (Le Novere and Changeux 1995, Mongan et al. 1998) . nAChRs are known to be expressed in terminally differentiated neurons, where they can modulate synaptic transmission (McGehee and Role 1995) . There is also evidence that AChRs may function in nervous system development as well (Young and Poo 1983; Corriveau and Berg 1993; Role and Berg 1996) .
del-1 encodes a member of the degenerin class of sodium channel proteins (Tavernarakis et al. 1997) . Genetic studies of the degenerin family members, UNC-8, MEC-4, and MEC-10, have led to proposals that these proteins are components of mechano-transducing sodium channels (for reviews, see Chalfie 1995; Corey and Garcia-Anoveros 1996; Garcia-Anoveros and Corey 1996) . In particular, UNC-8 and DEL-1 have been proposed to contribute to a stretch receptor that modulates motor neuron excitability (Tavernarakis et al. 1997) . Analysis of del-1::GFP expression indicates that del-1 is expressed in both VA and VB motor neurons in the adult but is selectively repressed in VAs during the larval period (L2) in which UNC-4 functions to prevent VAs from adopting VB-type inputs (Miller et al. 1992) . Thus, it is reasonable to imagine that DEL-1-dependent effects on motor neuron activity could also define presynaptic inputs during this critical period.
Alternatively, del-1 and acr-5 do not have a role in the creation of motor neuron-specific inputs but, rather, contribute to other traits that distinguish VA and VB motor neuron physiology. In that case, studies of UNC-4 and UNC-37 regulation of acr-5 and del-1 may identify new requirements for these transcription factors in motor neuron differentiation.
Repression of motor neuron-specific genes defines VA synaptic inputs
The data that we have presented in this paper provide strong support for a model in which UNC-4 and UNC-37 function together in the VA motor neurons to repress genes that promote the creation of VB-type synaptic inputs. Our findings are consistent with the hypothesis that UNC-4/UNC-37-dependent repression of these VBspecific genes is sufficient to ensure the adoption of normal inputs to the VA neurons. Alternatively, VA-type inputs may also require the activation of genes that regulate the recognition of the VA neurons by their appropriate presynaptic partners. We have no evidence that either UNC-4 or UNC-37 is required for the positive regulation of VA-specific genes, however. Thus, to delineate the mechanisms of synaptic choice in this motor neuron circuit, it may be necessary to identify VA-specific traits and their regulators as well as to define the roles of the VB-specifying genes that are inhibited by UNC-4 and UNC-37.
Materials and methods
Nematode strains
Nematodes were grown as described (Brenner 1974) . All genetic experiments were performed at 25°C. The wild-type strain is N2
Repression by UNC-4/UNC-37 directs synaptic input (Bristol) . The unc-4 alleles used in this work are wd1, e521, e887, e2307, e2309, e2320, e2321, e2322ts, e2323 (Miller et al. 1992 , e26, e120, e583 (Brenner 1974) , wd44, and jd16. The unc-37 alleles used in this work are wd17 (unc-37(d) ) (Miller et al. 1993 ) and e262 (Brenner 1974) . The following morphological markers were used: linkage group I, dpy-5(e61), bli-4(e937); linkage group II, rol-6(e187); linkage group IV, dpy-20(e1282) (Brenner 1974) .
Identification of C. briggsae unc-4
A 750-bp unc-4 cDNA probe spanning the unc-4 coding region was random primer-labeled with [␣- 32 P]CTP (Stratagene) and hybridized to a C. briggsae high-density fosmid nylon filter (Genome Systems, Inc). Hybridization (6× SSC, 0.5%SDS) was performed at 62°C overnight. Separate autoradiographs were obtained after low stringency (2× SSC, 0.5%SDS) and high-stringency washes (0.1× SSC, 0.5%SDS at 68°C). A comparison of the X-ray films revealed five positive clones that were present after the low-stringency wash but not after the high-stringency wash. This approach was necessitated by a large number of nonspecific and strongly hybridizing clones on this filter (data not shown). Sequence analysis of one of these clones by The Genome Sequencing Consortium confirmed the presence of the C. briggsae unc-4 gene.
Sequencing of unc-4 alleles
Total RNA was isolated from mixed age populations of animals as described in Miller et al. (1992) . unc-4 cDNA fragments were generated by RT-PCR with unc-4-specific primers and purified using Qiaquick spin columns (Qiagen) followed by isolation from low-melt GTG agarose (Seaplaque). Purified PCR products were subjected to automated sequencing (Applied Biosystems) using unc-4 primers. To analyze unc-4 splice junction mutants, genomic DNA from single mutant worms was PCR-amplified using unc-4 primers (Williams et al. 1992) . Resultant PCR products were purified and sequenced as described above. unc-4 deletions were analyzed using a combination of the above strategies, as well as by comparing PCR product sizes to Southern blots of EcoRI-digested DNA to determine the boundaries of the deleted sequences (Miller et al. 1992 ). Descriptions of unc-4 primer sequences are available upon request.
Testing for unc-37(d)-dependent suppression of unc-4 mutants
The following unc-4 alleles were tested for suppression by unc-37(d) (represented by the allele unc-37(wd17)): e26, e2307, e2323, e2321, e521, wd44, e2308, e583, e887, e2320, and e120. unc-37(d) suppresses the missense allele unc-4(e2322ts) but does not suppress the null mutation unc-4(wd1) such that the following genotype-unc-37(d) dpy-5(e61) (I); unc-4(wd1) rol-6(e187) (II)-is Unc. The morphological markers dpy-5 (dumpy) and rol-6 (roller) are closely linked to unc-37(I) and unc-4(II), respectively. Using standard genetic crosses, chromosome II of the above strain [unc-4(wd1)rol-6(e187)] was replaced by other unc-4 mutant alleles to test for suppression by unc-37(d) . After confirming the homozygosity of the unc-4 mutations (i.e. no Roller progeny) as well as the presence of the unc-37(d) suppressor mutation (Dpy animals), backward mobility of the resulting animals was assessed as described previously (Miller et al. 1993) .
Generation of del-1::gfp and acr-5::gfp transgenic strains
The acr-5::gfp plasmid pJR7 was constructed by subcloning a 4.2-kb SphI fragment of the acr-5 promoter into the gfp expression plasmid pPD95.70. del-1::gfp and acr-5::gfp transgenic lines (Mello and Fire 1995) were generated by injecting 50 ng/µl of each plasmid with 25 ng/µl dpy-20(+) cotransformation marker pMH86 (Clark et al. 1995) into the gonads of adult dpy-20(e1282) hermaphrodites. The del-1::gfp chromosomal integrant wdIs3 (X) was obtained by ␥ irradiation (4000 Rad). Standard genetic crosses were used to transfer the reporter genes wdEx60 (acr-5::gfp) and wdIs3 (del-1::gfp) into unc-4 and unc-37 mutant backgrounds. gfp reporter gene expression patterns in mid-L2 larval animals of unc-4 and unc-37 mutant transgenic strains were determined. Larvae were classified as mid-to late L2 by determining the number of seam cells posterior to P6.p and by scoring for the division of the postdereid cells (Sulston and Horvitz 1977) . Microscopy was performed as described in Pflugrad et al. and Miller et al. (1999) .
Yeast two-hybrid assays
Manipulation of the yeast strain Y190 was performed as described in Durfee et al. (1993) . Yeast strains were transformed with plasmids containing full-length UNC-37 fused to the pACT2 GAL4 activation domain, as well as plasmids encoding various UNC-4 mutant proteins fused to the GAL4 DNA-binding domain from pAS2. Two-hybrid interactions were assessed by growth on selection plates (Trp − , Leu − , His − ) in the presence of increasing concentrations of 3-AT (0, 10, 50, 100, 150 mM) (Durfee et al. 1993) . Three independent transformants were examined for each combination. Mutant UNC-4 fusion protein stability was analyzed by Western blots of yeast protein extracts using an anti-GAL4 DNA-binding domain polyclonal antibody (Santa Cruz, Inc.) All UNC-4 fusion proteins were stably expressed (data not shown). Details of plasmid constructions are available upon request.
